By adding Buck-type AC/AC converter to conventional power capacitor, dynamic capacitor (D-CAP) can be formed to compensate variable rather than fixed reactive power. However, some nonlinear distortion factors, namely grid harmonic voltage, voltage drop of switches and dead-time, would cause harmonics in its compensation current, meanwhile, its capacitance may interact with the grid inductance to cause series resonance. Both nonlinear distortion factors and series resonance would distort the waveform of its compensation current and make the grid current failed to meet the power quality standard IEEE Std.519. This paper focuses on the output current distortion of Buck-type D-CAP in reactive power compensation. For harmonic distortion, through establishing the equivalent circuit of Buck-type D-CAP, the generation of low-order harmonic current is investigated under three nonlinear factors. A current reshaping method to simultaneously diminish the harmonics caused by the three nonlinear distortion factors is thus adopted, which is a feedback control of output current harmonics. Then for series resonance, based on the block diagram of Buck-type D-CAP within the grid, transfer function from grid voltage to the output current is deduced and the corresponding Bode diagram is depicted. An active damping method is therefore suggested to shrink the low-order series resonance peak, by detecting power capacitor's voltage for feedback control. Finally, a combined control, reactive current reshaping with series resonance damping is proposed in this paper for three-phase Buck-type D-CAP. A wide variety of experimental results from a 33kVar/220V laboratory prototype are provided to demonstrate the validity of the combined control.
I. INTRODUCTION
In power distribution system, inductive loads consume large amount of reactive power, leading to increased system loss, decreased power factor and voltage fluctuation at point of common coupling (PCC) [1] , [2] . Some advanced compensators based on DC/AC inverter such as static synchronous
The associate editor coordinating the review of this manuscript and approving it for publication was Manoj Datta . compensator (STATCOM) could compensate reactive power dynamically [3] , whereas the DC-link electrolytic capacitor affects its application in low-power circumstances, which is not only replaced periodically with large maintenance costs, but also strongly related to the reliability of control system. Magnetic energy recovery switch (MERS) is applied in reactive power compensation due to its characteristic being equivalent to a variable capacitor, but power quality might decline except for a limited compensation range [4] - [6] . VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ Similarly, a solid state variable capacitor (SSVC) with minimum capacitor is studied in [7] , [8] , which is composed of an H-bridge inverter with a DC capacitor only controlled as an voltage source while an AC capacitor to compensate reactive power, this reduces the dependence on DC capacitor but the control system is a little complicated. Dynamic capacitor (D-CAP), as a shunt power quality apparatus, is an economical but effective solution for dynamic reactive compensation. D-CAP has been studied in different aspects. Formed through renovating power capacitor with direct Buck or Boost-type AC/AC converter, D-CAP can be regarded as an inverter-less STATCOM to compensate reactive power [9] or an active filter to suppress harmonic current [10] . An integrated approach is put forward in [11] for D-CAP to compensate reactive and harmonic current. Even harmonic modulation (EHM) method was introduced in [12] for D-CAP to eliminate harmonics when implementing reactive power compensation. Dual topologies with different names are also studied by other researchers, an integrated control method was presented in [13] , [14] for a Boost-type inverter-less shunt active power filter (APF) to compensate reactive power and suppress harmonic current simultaneously. For a VAR compensator based on Buck-type AC chopper, relationship between duty ratio and reactive compensation is deduced and a direct current control based on generalized integral is used in [15] . Furthermore, interaction between reactive compensation and harmonic suppression for three-phase Bucktype D-CAP is discussed and a coordination control is designed in [16] . For imbalance suppression, optimal control strategies are given respectively in [17] , [18] for delta and star-connected Buck-type D-CAP to compensate the maximum unbalanced load based on capacitive compensation.
However, there is no research as we know so far on the output current distortion attached to three-phase D-CAP in reactive power compensation. Ideally, the Buck-type D-CAP would generate sinusoidal reactive compensation current through DC modulation. However, in practical applications, the compensation current will include low-order harmonic current components under the effect of nonlinear factors such as grid harmonic voltage, voltage drop of switches and dead-time, resulting in current distortion [19] . Meanwhile, since Buck-type D-CAP can be simply equivalent to a variable capacitor in reactive power compensation, under the effect of grid harmonic voltage, Buck-type D-CAP may interact with the grid, resulting in series resonance, which causes deteriorated compensation performance or even instability.
For harmonic distortion, from the perspectives of grid harmonic voltage, voltage drop of switches and dead-time, the cause and solution of the output voltage and current distortion have been studied for voltage source converters. An adaptive feedforward algorithm is used in [20] for inverters to suppress grid current instabilities and harmonics due to impedance and distortion of grid voltage. Besides, fixed modulation and optimized switching strategy for dead-time compensation are studied in [21] , [22] .
Moreover, compensation of dead-time effects and semiconductor voltage drop of two-level converters are analyzed in detail in [23] . However, these methods depend on the accurate detection of the current polarity, which is particularly difficult near the zero-crossing point.
For resonance, passive or active damping methods can be adopted [24] , [25] . Passive damping often includes damping resistor, which increases the power loss. Active damping can be achieved by introducing appropriate state variable such as inductor current or capacitor voltage into the control system for feedback regulation [26] . Another way is by using combined strategies to selectively damp harmonic resonance at specified frequency [27] - [29] . In reactive power compensation, the mainly passive element of Buck-type D-CAP is the power capacitor, active damping can be realized through detecting the power capacitor voltage for feedback control [30] , equivalent to constructing a virtual harmonic resistor in parallel to the power capacitor.
Nevertheless, either the harmonic distortion in D-CAP or series resonance would distort the output current and make the grid current failed to meet the power quality standard IEEE Std.519. This paper focuses on the output current distortion in reactive power compensation, where harmonic distortion and series resonance are simultaneously discussed and solved. In section II, the generation of the low-order harmonic components in the compensation current is investigated under three nonlinear factors and a current reshaping method is adopted. In section III, series resonance is analyzed and corresponding active damping method is suggested. A combined control, reactive current reshaping with series resonance damping is proposed in section IV. In section V, experimental results are presented to validate the effectiveness of the proposed combined control. Finally, conclusions are given in section VI.
II. NONLINEAR DISTORTION FACTORS AND REACTIVE CURRENT RESHAPING
Basic circuit structure of a single-phase Buck-type D-CAP is shown in Fig. 1(a) , which is mainly formed by Buck-type thin AC converter (TACC), power capacitor C, buffer inductor L B , and filter L F C F . In Fig. 1(b) , the switches S 1 and S 2 are turned on complementarily, their duty ratios are D and 1-D respectively. In Fig. 1 (c), bidirectional switch S 1 is composed of two common-collector IGBTs in series, while S 2 is made up of two common-emitter IGBTs in series.
Define i C the output current of D-CAP and D(t) the duty ratio of S 1 . When the duty ratio is adjusted to a constant D 0 , the basic control equation (1) and equivalent circuit of Buck-type D-CAP presented in Fig. 1(d) are both deduced in [9] .
Implied from (1), D-CAP is equivalent to a variable capacitor, whose capacitance is D 2 0 C and can be varied dynamically from 0 to C by adjusting the duty ratio D 0 from 0 to 1. A. HARMONIC CURRENT CUASED BY GRID HARMONIC VOLTAGE Generally, distribution system contains not only linear loads, but also a large number of nonlinear loads, which will distort PCC voltage and increase the low-order harmonics. In this case, Buck-type D-CAP would generate low-order harmonic current even by a constant duty ratio. Fig. 2 reveals the low-order harmonic current caused by grid harmonic voltage during a fundamental period. As indicated in Fig. 2 (a), harmonic voltage v 2k of L B C branch port is generated when PCC harmonic voltage v Tk is chopped by S 1 and S 2 . Low-order harmonic voltage v Ck and harmonic current i 2k is produced in the meantime, as illustrated in Fig. 2(b) . Finally, harmonic current i Ck is generated after i 2k is chopped by the TACC and retained by the low-pass filter L F C F . Since the low-order harmonic frequency of grid voltage is much lower than the switching frequency, the state space average model is still suitable for analysis of Buck-type D-CAP. Equivalent harmonic circuit of Buck-type D-CAP under grid harmonic voltage v Tk is presented in Fig. 2(c) , where the controlled harmonic voltage source D 0 v 1k (t) is imposed on the L B C branch port. The controlled harmonic current source i 1k is generated and the output harmonic current i Ck would flow into the grid. According to the basic control equation (1), harmonic current i Ck caused by grid harmonic voltage v Tk is obtained as follow.
In single-phase system, PCC voltage usually contains odd harmonics, namely (2m-1) th harmonics (where m is a positive integer), thus single-phase Buck-type D-CAP generates odd harmonic current. However, since PCC voltage mainly contains (6m±1) th harmonics in three-phase three-wire system, three-phase Buck-type D-CAP usually generates (6m±1) th harmonic current.
B. HARMONIC CURRENT CAUSED BY VOLTAGE DROP OF SWITCHES
During the conduction of bidirectional controllable switch S 1 or S 2 , voltage drop of switches introduces nonlinear factor into the circuit, which will also cause low-order harmonics in the compensation current. Fig. 3 illustrates the four working states distinguished by i 2 and S 1 , where: Fig. 3 (a) corresponds to State 1: when i 2 >0 and S 1 on, power capacitor current i 2 flows through the S 11 anti-parallel diode and S 12 . In this case, the voltage drop v w of switch S 1 is imposed backward on the L B C branch port; Fig. 3 (b) corresponds to State 2: when i 2 >0 and S 1 off, power capacitor current i 2 flows through the S 21 anti-parallel diode and S 22 . In this case, the voltage drop v w of switch S 2 is also imposed backward on the L B C branch port; Fig. 3 (c) corresponds to State 3: when i 2 <0 and S 1 on, power capacitor current i 2 flows through S 11 and the S 12 antiparallel diode. In this case, the voltage drop v w of switch S 1 is imposed forward on the L B C branch port; Fig. 3 (d) corresponds to State 4: when i 2 <0 and S 1 off, power capacitor current i 2 flows through S 21 and the S 22 anti-parallel diode. In this case, the voltage drop v w of switch S 2 is also imposed forward on the L B C branch port.
Therefore, voltage drop of switches v w is presented as equation (3).
The voltage drop v w of switches is determined by antiparallel diode voltage drop v D_x (where x = S 11 , S 12 , S 21 , S 22 ) and saturable voltage drop of switches v ce_x , which stay constant during the conduction. Since the parameters and characteristics of the switching devices are almost the same, so the voltage drop magnitudes are basically equal under the four working states. Fig. 4 illustrates the low-order harmonic current caused by voltage drop of switches during a fundamental period. The waveform of power capacitor current i 2 in a fundamental period is expressed in Fig. 4 (a), whose polarity first changes from positive to negative, and then from negative to positive. The voltage drop of switches v w acts on the L B C branch port during the whole fundamental period, making it generate additional current i 2 . Since the fundamental current and the low-order harmonics cannot be filtered out by the front-end filter L F C F , the final increased compensation current i C would also contain low-order harmonic component. The waveform of v w and i C are basically square, both of which mainly contain odd harmonic components, magnitude of their single harmonic v wk and i Ck are both about 1/k that of the fundamental component, as revealed in Fig. 4(b) . The equivalent harmonic circuit of Buck-type D-CAP with the voltage drop of switches v w is depicted in Fig. 4(c) . Affected by harmonic voltage v wk , the harmonic current i 2k flows through the L B C branch. Meanwhile, the low-order harmonic components i Ck in the controlled harmonic current source i 1k flows into the grid, which can be expressed as follow.
Since zero sequence harmonics in v w cannot cause zero sequence harmonic current in three-phase threewire system, the power capacitor current and output 
compensation current will only contain (6m±1) th harmonic components.
C. HARMONIC CURRENT CAUSED BY DEAD-TIME
During the dead-time t d , the bidirectional controllable switch S 1 and S 2 are both off, and the power capacitor current i 2 would flow free-wheeling through the active absorber circuit, where absorber voltage source v sn is a half sine wave. Free-wheeling voltage also introduces nonlinear factor into the circuit, making the Buck-type D-CAP generate harmonic current. C F and power capacitor current i 2 are in different polarity. According to the above four free-wheeling states and taking v 1 ≈ v T into account, the free-wheeling voltage v 2d imposed on the L B C branch port is described by equation (5).
where v D is the voltage drop of the free-wheeling diodes in the switching device or the absorber circuit. Magnitude of v sn is designed a little greater than v T during the positive half fundamental period while set to 0 during the negative half, as presented in Fig. 6 (a). Equation (5) proves that v 2d is a non-sinusoidal voltage, which only acts on the L B C branch port during the t d to clamp the switches voltage. Referred to v 1 and i 2 in a fundamental period illustrated in Fig. 6(a) , free-wheeling voltage v 2d denoted in Fig. 6(b) is consistent with the results calculated by equation (5), which is close to 0 when v 1 >0 and i 2 >0 or v 1 <0 and i 2 <0, while close to v sn when v 1 >0 and i 2 <0, and close to v T when v 1 <0 and i 2 >0. Compared with the spectrum of v w that is already displayed in Fig4. (b), spectrum of v 2d in Fig. 6 (b) shows greater proportion of low-order harmonics in v 2d than that in v w . Harmonic voltage v 2dk acts on the L B C branch port to generate harmonic current i 2k during the dead-time t d . Equivalent harmonic circuit is illustrated in Fig. 6(c) . Meanwhile, the low-order harmonic components i Ck in the controlled harmonic current source i 1k flows into the grid, which can be expressed as follow.
In three-phase three-wire system, zero-sequence harmonic currents will not be generated by zero-sequence harmonics in the free-wheeling voltage v 2d . Therefore, the power capacitor current and output compensation current only contain (6m±1) th harmonic components.
D. REACTIVE CURRENT RESHAPING
All the above three nonlinear factors can cause harmonic distortion of compensation current i C , thus the output harmonic current i Ck can be expressed as follow.
In reactive power compensation, Buck-type D-CAP should adopt appropriate current control to diminish the low-order harmonic current components produced by various nonlinear factors. According to the even harmonic modulation method [12] , when the duty ratio modulation signal contains the (k−1) th even harmonic term, Buck-type D-CAP mainly generates the k th harmonic current i Ck . From the perspective of current feedback control, by detecting k th harmonic current i Ck as feedback quantity, accordingly the (k−1) th even harmonic term is added into the duty ratio D(t) to generate controlled k th harmonic current i Ck . After compensating the harmonic current derived from various nonlinear factors, we realize reactive current reshaping. More detailed description is given in Part B, Section IV.
III. SERIES RESONANCE AND HARMONIC DAMPING A. SERIES RESONANCE
Buck-type D-CAP is usually considered as a variable capacitor in reactive power compensation. However, if the frontend filter L F C F and the buffer inductor L B are taken into account, the equivalent impedance will be more complicated. When the grid voltage contains harmonic components, Buck-type D-CAP may interact with the grid, resulting in series resonance, which brings distorted compensation current, deteriorated compensation performance, or even instability.
The resonance of the Buck-type D-CAP can be investigated according to the general equivalent circuit in Fig. 1(d) , which takes the front-end low-pass filter L F C F , the buffer inductor L B and the grid impedance L S into consideration. Assuming that duty ratio modulation signal only contains DC term D 0 to compensate reactive power, the block diagram of Buck-type D-CAP in frequency domain is obtained in Fig. 7(a) , where the transfer function from grid voltage v S to compensation current i C can be expressed by equation (8).
According to equation (8), Bode diagram of transfer function G 1 (s) can be obtained if DC term D 0 takes different values when the system parameters are designed in Table 1 . Amplitude-frequency curve depicted in Fig. 7(b) contains two series resonance points and one parallel resonance point. When the value of DC term D 0 increases from 0.2 to 0.8, its lower series resonance frequency increases from 350Hz to 450Hz. In fact, its lower series resonance always falls in the 7 th -11 th harmonic band, while the higher series resonance is around the 31 th harmonic. Accurate series resonance frequency can be solved by equation (9) .
As demonstrated in Fig. 7(b) , amplitude of transfer function G 1 (s) is always greater than 100dB around the lower series resonance point from 350Hz to 450Hz, which indicates that compensation current i C will suffer from severe harmonic amplification under excitation of grid harmonic voltage v Tk . Due to the existence of low-order harmonic series resonance, when Buck-type D-CAP compensates reactive power, compensation current i C will be distorted. Meanwhile, harmonic current will inject into the grid, resulting in harmonic propagation within the grid.
B. SERIES RESONANCE DAMPING
In order to suppress harmonic resonance and harmonic propagation in reactive power compensation, active damping is applied, which has the same damping effect as passive resistor but will not cause power loss. The commonly used active damping methods are mainly to suppress harmonic resonance by introducing appropriate state variable such as inductor current or capacitor voltage into the control system and adjusting the harmonic components around the resonance frequency by means of negative feedback.
Since the power capacitor C is the main passive element of Buck-type D-CAP, active damping can be carried out through detecting the power capacitor voltage for feedback control. By sensing power capacitor voltage v C and multiplying it by feedback coefficient 1/R d , the active damping branch is carried out. This is equivalent to constructing a virtual harmonic resistor R d to suppress harmonic resonance. Virtual harmonic resistance R d is often designed as a fixed quantity according to the actual parameters of the system.
When an active damping branch, red part of Fig. 8(a) , is supplemented to block diagram, transfer function from grid voltage v S to compensation current i C is rewritten as follow.
where If the value of DC term D 0 is 0.5, Bode diagram of transfer function G 2 (s) can be depicted in Fig. 8(b) , according to equation (11) . If 1/R d = 0, Buck-type D-CAP does not damp series resonance. In this case, there is an obvious resonance peak at the lower series resonance frequency in the amplitude-frequency curve of G 2 (s), whose magnitude is higher than 100dB around the 7 th harmonic resonance frequency at 400Hz. If 1/R d = 0.01, Buck-type D-CAP adopts series resonance damping. In this case, the resonance magnitude drops below 50dB, which means that the harmonic amplification of compensation current caused by grid harmonic voltage is attenuated to some extent. If 1/R d = 0.1, the resonance peak fades away around the 7 th harmonic resonance frequency at 400Hz, indicating that the low-order harmonic resonance of compensation current is well suppressed.
In the meantime, with the increase of 1/R d , the parallel resonance bottom at 17 th harmonic and the series resonance peak at 31 th harmonic gradually attenuate. Therefore, the active damping method based on the feedback control of power capacitor voltage has certain damping capability for each harmonic resonance. More detailed description is unfolded in Part C of the following Section IV.
IV. PROPOSED COMBINED CONTROL FOR THREE-PHASE BUCK-TYPE DYNAMIC CAPACITOR
The three-phase Buck-type D-CAP system is presented in Fig. 9(a) , where three single-phase Buck-type D-CAPs are star-connected to compensate inductive reactive power. Load current i L , compensation current i C and power capacitor voltage v C are detected respectively for reactive power compensation, reactive current reshaping and series resonance damping. By sensing PCC voltage v T , phase-locked loop (PLL) is applied to obtain the grid voltage phase θ, which is required for coordinate transformation. Duty ratio D generated by the control system, used as the modulation signal, is compared with triangular carrier wave to get PWM switching signals for D-CAP.
Integrating the effects of grid harmonic voltage, voltage drop of switches, dead-time and harmonic resonance, the proposed combined control takes reactive current reshaping and series resonance damping together to suppress compensation current distortion. The proposed combined control architecture illustrated in Fig. 9 (b) mainly consists of three parts: reactive power compensation, reactive current reshaping and series resonance damping.
A. REACTIVE POWER COMPENSATION
Reactive power compensation is realized by current tracking based on PI controller under dq synchronous rotation frame. First, through coordinate transformation from abc stationary VOLUME 7, 2019 frame to dq synchronous rotation frame with fundamental angular speed, reactive component of load current i L and compensation current i C go into DC terms of the q axis . Moving average filter (MAF) is applied as a low-pass filter to remove the AC terms, respectively extracting the corresponding reactive current reference i * Cq1 and current feedback i Cq1 . Then i * Cq1 is subtracted by i Cq1 to get the current error. Finally, current error is adjusted by the PI controller to generate the required modulation signal D 0 .
B. REACTIVE CURRENT RESHAPING
This part is mainly used to selectively diminish k th (where k = 6m±1) low-order characteristic harmonics in the reactive compensation current. Similar to the shunt APF, a selective current tracking control method based on multisynchronous rotating frame is adopted, which can follow the specific harmonic current reference. In order to extract the main (6m-1) th negative sequence harmonics and (6m+1) th positive sequence harmonics in the compensation current i C , corresponding harmonic components can be transformed into DC terms through coordinate transformation from abc stationary frame to dq synchronous rotation frame with specific angular speed for each characteristic harmonic. After the MAF filter, the DC components i Cdk and i Cqk in the dq synchronous rotation frame are obtained. Since harmonic components are not expected to be included in the compensation current, the extracted current components i Cdk and i Cqk are respectively compared with the current reference 0 to obtain the error, which is fed to the corresponding PI controller for feedback control. Different from traditional control for shunt APF, since the Buck-type D-CAP adjusts k th harmonic output current by changing (k − 1) th even harmonic component in duty ratio of the modulation signal, after the control under generated k th dq synchronous rotating frame, transform the dq synchronous rotating frame to the abc stationary frame by (k − 1) th rather than k th inverse transformation to get (k − 1) th even harmonic term of the duty ratio D x(k−1) (where x = a, b, c). Finally, DC and harmonic terms in duty ratio of each phase are added together to obtain the total threephase duty ratio modulation signals D a , D b and D c . In this way, Buck-type D-CAP can generate compensation current with improved waveform quality through reactive current reshaping.
C. SERIES RESONANCE DAMPING
On the basis of the EHM method, in order to generate (n+1) th harmonic damping current, n th harmonic term should be added into duty ratio D(t). Selective harmonic control based on multisynchronous rotation frame is adopted to regulate the current reference for series resonance damping. Series resonance damping is realized by feedback control of power capacitor voltage v C . In order to extract (n+1) th harmonic component v Ck near the series resonance frequency in voltage v C , we transform the corresponding harmonic components into DC terms through coordinate transformation from abc stationary frame to dq synchronous rotation frame for each resonance harmonic. After low-pass filtering, the DC components v Cdn+1 and v Cqn+1 are obtained. Then, v Cdn+1 and v Cqn+1 are compared with the voltage reference 0, and the resonance damping current errors i Cdn+1 and i Cqn+1 are obtained after multiplying the feedback conductance 1/R d . The current errors are adjusted by the corresponding PI controller, and then through the inverse transformation from the n th counterclockwise dq synchronous rotation frame to the abc stationary frame, n th harmonic modulation signal D xn is obtained, which is used to damp (n+1) th harmonic resonance. Finally, the DC and harmonic terms in duty ratio of each phase are added together to obtain the total three-phase duty ratio modulation signals D a , D b and D c . Thus, Bucktype D-CAP can generate compensation current with better waveform quality through series resonance damping.
In Fig. 9(b) , the reactive power compensation produces the DC term in the modulation signal, the reactive current reshaping mainly generates (6m0−2) th or 6m th even harmonic terms in the modulation signal, while the series resonance damping mainly produces even harmonic modulation components to suppress the lower series resonance. Through adding the components of each duty ratio modulation signal from the three parts, the total three-phase duty ratio modulation signal D a , D b and D c are obtained. Thus, Buck-type D-CAP can output sinusoidal reactive compensation current by attenuating its current harmonics and series resonance. In three-phase three-wire system, only a small number of low-order characteristic harmonics such as 5 th , 7 th , 11 th and 13 th harmonics in compensation current need to be diminished. Therefore, the proposed combined control is not too complicated to be implemented in practical applications.
V. EXPERIMENTAL RESULTS
In order to verify the merits of the proposed combined control for three-phase Buck-type D-CAP, a star connected 33kVar/220V experimental prototype with digital signal processor TMS320F28335 is built, whose system parameters are given in Table 1 . The control performance of Buck-type D-CAP is tested and compared step by step under five operating modes: A. not in service; B. reactive power compensation; C. reactive power compensation with reactive current reshaping; D. reactive power compensation with series resonance damping; E. reactive power compensation with combined control.
Since the three-phase system is balanced, total harmonic distortion (THD) and phasor diagram of PCC voltage v T _a and grid current i S_a for phase-A is mainly judged. Experimental results obtained by power quality analyzer FLUKE 434 from Mode A-E are respectively displayed in Fig. 10-14 , where all the subgraphs keep the same order. Subgraphs (a)-(b) display waveforms and spectra of PCC voltage, while subgraphs (c)-(d) illustrate those of grid current. Subgraph (e) shows waveforms of PCC voltage together with grid current of phase-A, while subgraph (f) presents phasor diagram of them. All the experimental results with THD of PCC voltage/grid current, displacement factor and power factor are summarized in Table 2 . Fig. 10 presents the related waveforms and spectra when Buck-type D-CAP is not in service. Fig. 10 (a)-(b) indicate a small amount of harmonic in PCC voltage, whose THD is 2.4%. As Fig. 10(d) shows, THD of grid current i S_a in Fig. 10(c) is 3.0%. Waveforms of PCC voltage v T _a and grid current i S_a are simultaneously displayed in Fig. 10(e) . It is implied from Fig. 10 (f) that the grid current lags behind PCC voltage by phase angle 40 • , which means 13.6kVar inductive reactive power. As listed in TABLE 2, power factor is poorly 0.765 while displacement factor is only 0.766.
A. NOT IN SERVICE

B. REACTIVE POWER COMPENSATION
D-CAP only compensates reactive power in this mode. Waveforms and spectra of PCC voltage v T and grid current i S are given in Fig. 11 . THD of PCC voltage v T _a is 2.7% ( Fig. 11(b) ). Grid current i S_a is distorted due to harmonic components in compensating current i C injecting into the grid. THD of grid current i S_a rises to 10.4% ( Fig. 11(d) ) and does not meet the standard IEEE Std.519, which requires THD of grid current below 5%. Since inductive reactive power has been compensated, displacement factor equals 1 as expected ( Fig. 11(f) ) while power factor rises to 0.994. In this case, even though the displacement factor is corrected well, the power factor is still determined by waveform distortion factor.
C. REACTIVE POWER COMPENSATION WITH REACTIVE CURRENT RESHAPING
In this mode, Buck-type D-CAP compensates reactive power with reactive current reshaping, only 5 th , 7 th , 11 th and 13 th characteristic harmonic currents are selectively diminished. Experimental results in Fig. 12 and Table 2 are compared with those in Mode B, THD of PCC voltage v T _a drops from 2.7% to 2.3% ( Fig. 12(b) ) while THD of grid current i S_a drops from 10.4% to 6.4% ( Fig. 12(d) ). Displacement factor still equals 1 as wished ( Fig. 12(f) ) while power factor rises to 0.998. These prove the effectiveness of reactive current reshaping in the role of waveform improvement. However, THD of grid current i S_a is still beyond standard, this leads us to verify the necessity of series resonance damping.
D. REACTIVE POWER COMPENSATION WITH SERIES RESONANCE DAMPING
Further, Buck-type D-CAP compensates reactive power with series resonance damping. Only 7 th and 11 th characteristic harmonic resonance are selectively damped in this mode, experimental results are given in Fig. 13 and also listed in TABLE 2. Compared to results in Mode B, THD of v T _a drops from 2.7% to 2.5% ( Fig. 13(b) ) while THD of i S_a drops from 10.4% to 8.0% ( Fig. 13(d) ). This means the proposed series resonance damping has some effect on suppressing current distortion. Nevertheless, THD of grid current i S_a is also beyond standard, which leads us to implement combined control.
E. REACTIVE POWER COMPENSATION WITH COMBINED CONTROL
Finally, Buck-type D-CAP is operated under the proposed combined control, that is, reactive current reshaping and series resonance damping are implemented together with reactive power compensation. Only 5 th , 7 th , 11 th and 13 th characteristic harmonic currents are selectively diminished while 7 th and 11 th harmonic resonance are selectively damped. It is obviously revealed in Fig. 14 that compensation current distortion is sufficiently suppressed. THD of v T _a drops to 2.0% ( Fig. 14(b) ) while THD of i S_a drops to 4.1% ( Fig. 14(d) ), both lower than those in any other four operating modes. Simultaneously, THD of grid current i S_a meets the requirement of power quality standard. This operating mode has the maximum power factor among the five operating modes, which proves effectiveness of the proposed combined control, as shown in the following TABLE 2.
VI. CONCLUSION
This paper focuses on the harmonic distortion and series resonance of a 33kVar/220V three-phase Buck-type D-CAP. A combined control, reactive current reshaping with series resonance damping is proposed to suppress compensation current distortion. Experimental results are performed to verify the effectiveness of the proposed combined control. Concise conclusions can be summarized as follows:
1) When D-CAP is applied to traditional reactive power compensation, under the effects of nonlinear factors, low-order harmonic currents will generate and inject into the grid, making the grid current THD fail to meet the power quality standard IEEE Std.519. By detecting compensation current and extracting some characteristic low-order harmonics for feedback control, accordingly adding several even harmonic terms into duty ratio, harmonic distortion caused by various nonlinear factors can be attenuated. 2) Buck-type D-CAP is usually considered as a variable capacitor in reactive power compensation, its capacitance may interact with the grid inductance, resulting in series resonance. Harmonic amplification around the series resonance point will also distort the compensation current. By detecting power capacitor voltage and extracting some characteristic low-order harmonics near the lower series resonance frequency for feedback control, accordingly adding a few even harmonic terms in duty ratio, harmonic amplification can be damped. 3) Single implementation of reactive current reshaping or series resonance damping may not make the grid current THD meet the power quality standard. Experimental results from the prototype indicate that the grid current THD in Mode C and D are still higher than 5%, respectively for 6.4% and 8.0%. 4) Grid current distortion can be well suppressed under the proposed combined control (Mode E), namely, reactive current reshaping and series resonance damping are implemented together. Power factor with unity displacement factor almost equals 1 while the THD of grid current drops to 4.1%, which meets IEEE Std.519.
In the future, power quality comprehensive regulation with optimized series/parallel resonance damping and coordinated control for D-CAP is our major concern. Additionally, reactive current reshaping and series resonance damping in this paper may be also considered for grid-connected voltage source converters and other types of variable capacitors.
